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Abstract
In a paper from 1942 Johannes Iversen described a warm phase prior to the Allerød warming from lake Bølling in western 
Denmark and thereby extended the common classification of Lateglacial biostratigraphy. Iversen’s assumptions concerning 
the Bølling-Oscillation were based on sedimentological features and high Betula (birch) pollen values in two pollen samples 
prior to the onset of the Allerød warming. Questions regarding the nature of the Bølling warming later became a discussion 
due to the expansion of terms into different fields and especially with advances in palynology. To further refine the knowledge 
on the Bølling-Oscillation, Hartmut Usinger investigated the locus classicus in 1982. The method of pollen-size-frequency 
distribution was applied on birch pollen in order to distinguish between B. nana- and B. pubescens-type pollen, however, the 
results were never published and got lost over time. Therefore, these data are presented here and the method as described by 
Usinger (Pollenanalytische und stratigraphische Untersuchungen an zwei Spätglazial-Vorkommen in Schleswig-Holstein, 
1975, Danm Geol Unders Årbog, 1977:5–29, 1978a, Pollen Spores 23:389–432, 1981b) is performed on the reassembled 
dataset again. In order to solve existing ambiguities in Lateglacial terminology, especially concerning the terms Bølling and 
Meiendorf, we used the data originally compiled by Usinger to discuss it against the background of the previous work by 
Iversen. Furthermore, the dataset enabled a comparison of different ways to determine between different Betula pollen types. 
The general focus is set on the distinction of Betula pollen types in order to shed light on the question of the migration of 
tree birches into northern Europe, especially before the Allerød warming. The results show that the dataset can immensely 
refine Iversen’s pollen zones. A clear dominance of dwarf birch pollen during the Bølling-Oscillation is demonstrated. Fur-
thermore, the record reveals that Iversen’s assumption concerning the existence of a climatic oscillation prior to the Allerød 
warming can be confirmed at the locus classicus.
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Introduction

To classify periods according to key sites has been common 
practice in archaeology as well as in palynology. However, 
progressing knowledge often resulted in repeated amend-
ments of terms and has consequently led to misinterpreta-
tions and a lack of clarity. The terminology of Lateglacial 
biostratigraphy in northern Europe especially underwent 
various revisions and adjustments. In this respect, the term 
Bølling has been redefined almost beyond recognition, as 
indicated by the terms Bølling-Oscillation (Iversen 1942, 
1954, 1973; van der Hammen 1951), Bølling-Zeit (Overbeck 
1975), Bølling Interstadial (Usinger 1978b; van Geel et al. 
1989), Bølling-Allerød complex (Usinger 1985; Friedrich 
et al. 2001), Bølling/Allerød Interstadial (Wooller et al. 
2018) or Bølling-Allerød-Interstadial-Complex (Simikova 
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and Puzachenko 2005)—referring to stratigraphy, chrono-
zones or biozones.

In 1942, Iversen extended the common classification 
of Lateglacial biostratigraphy (Hartz and Milthers 1901; 
Jessen 1935) based on pollen analyses from Lake Bølling, 
Denmark. There, he found a climatic oscillation prior to the 
Allerød warming and named it Bølling-Oscillation (Iversen 
1942). The interpretation rested on sediment features and 
especially on a twofold Betula pollen peak reflecting the 
first spread of tree birches in Denmark after the deglaciation. 
This interpretation led to a subdivision of the zonation by 
Jessen (1935). The given zone I was divided into subzone 
Ia (Oldest Dryas), Ib (Bølling-Oscillation) and Ic (Older 
Dryas), the latter representing the stadial period between 
the Bølling- and Allerød-Oscillation (Iversen 1947, 1954). 
It has been stated by Björck et al. (1998) and later by de 
Klerk (2004b) that terms such as oldest, older and younger 
are inappropriate as descriptive epithets for periodic terms. 
For reasons of comparability, these have still been used here, 
as well as the terms Dryas 1–3.

Since then, biostratigraphic classifications have been 
extended to terms including radiocarbon ages and clima-
tostratigraphic elements (Mangerud et al. 1974; Donner 
1995; Björck et  al. 1998). The expansion of the terms 
(Meiendorf, Bølling, Allerød, Dryas) into different fields 
led consequently to further misunderstandings and misin-
terpretations. In particular Mangerud et al. (1974) intended 
to shed light on this ambiguity regarding terminology and 
suggested a chronostratigraphic scheme (for further read-
ing and discussion see also: Usinger 1985; Donner 1995; 
Hoek 1997, 2009; Björck et al. 1998; de Klerk 2004b; Litt 
et al. 2007). There were different attempts to introduce new 
terms for biostratigraphy (Menke 1968; Usinger 1985, 1998; 
de Klerk 2004a) and for event stratigraphy (Johnson et al. 
1992; Dansgaard et al. 1993; Björck et al. 1998), the lat-
ter inheriting the strength of being equally applicable to a 
variety of records, but the principles of Lateglacial termi-
nology, especially concerning the term Bølling, remained 
rather confusing.

Furthermore, a disparity in the application of terms 
between countries became established. On the one hand the 
term Bølling describes biostratigraphically the first warmer 
phase of the Allerød-Interstadial (used in this paper sensu 
Usinger 1998) in northern Germany. The term Bølling 
includes the subsequent spread of Betula, encompassing 
tree-sized species (Usinger and Wolf 1982; Usinger 1985, 
1998; Nelle and Dörfler 2008). It is equal to the Allerød-
a sensu Usinger (1981a) or the Juniperus-Betula nana-
B. pubescens-PAZ sensu Usinger (1985). On the other 
hand, Bølling-Oscillation or Bølling period in Denmark is 
understood chronologically as an independent Interstadial 
equivalent to the Meiendorf-Interstadial sensu Menke (in 
Menke 1968; Bock et al. 1985). It is biostratigraphically 

characterized by increasing values of heliophilous plants (B. 
nana, Dryas octopetala, Salix, Hippophaë, Juniperus, Arte-
misia) and is understood as the first warmer period of the 
Lateglacial (Bennike et al. 2004; Litt et al. 2007; Mortensen 
et al. 2011).

The pure number of publications including reinterpreta-
tions, adjustments and revisions of Lateglacial terminology 
make it redundant to add another definition or to further 
divide the existing framework. But, if there is the intention 
to approach the main features of the term Bølling, it is neces-
sary to include new palynological data into the discussion. 
As pointed out by de Klerk (2004b, p 276) “… The most 
detailed pollen analysis of the Bøllingsø was carried out by 
H. Usinger on a new core which is still unpublished with 
the exception of only a few pollen curves (Usinger 1985)”. 
Since then the publication of the palynological investigation 
and macrofossil analysis still remained a desideratum. As 
Usinger targeted the distinction between B. nana- and B. 
pubescens-type pollen by size-frequency distribution, the 
results presented here shed light on the migration of tree 
birches in that area—a crucial point of Iversen’s interpreta-
tion (Iversen 1942). Therefore, it is one objective of this 
paper to provide unpublished palynological and macrofossil 
data from Lake Bølling. Consequently, this allows for the 
discussion of existing ambiguities in the terminology of the 
Lateglacial, especially with regard to the term Bølling.

The determination of Betula pollen is essential to inter-
pret Lateglacial pollen diagrams and to comprehend Lat-
eglacial reforestation processes and vegetation dynamics. 
However, fossil European Betula pollen originate either 
from tree birches (Betula pendula Roth/B. pubescens 
Ehrh.) or shrubby birches (Betula nana L./B. nana ssp. exilis 
Sukaczev/B. humilis Schrank). Based on phytogeographic 
considerations some of these species can be excluded spa-
tially and temporally (Usinger 1975). In addition, Usinger 
(1981a) argued that Lateglacial Betula pollen precipitation 
predominately consisted of B. nana and B. pubescens based 
on multiple Lateglacial pollen and macrofossil datasets.

In the case of separating these Betula species palyno-
logically, two different approaches are prevailing. On the 
one hand, there is morphological distinction (Welten 1944; 
Praglowski 1962, 1966; Blackmore et al. 2003). It is argued 
by Blackmore et al. (2003) that this approach is indeed pos-
sible requiring extremely careful comparison. However, the 
visual assessment of Betula pollen types has its limitations. 
As Firbas (1949), Birks (1968) and Mäkelä (1996) pointed 
out, it is hardly repeatable and inadequate as an objective 
research method.

On the other hand, there are attempts to separate pollen 
by grain-size. This method is based on the measurements 
of equatorial diameter or additionally of its ratio to pore 
height (Welten 1944; Eneroth 1951; Andersen 1961, 1970, 
1980; Birks 1968; Usinger 1975; Gordon and Prentice 1977; 
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Kolstrup 1982). Grain sizes of different Betula species are 
approximately normally distributed (Usinger 1975, 1978b, 
1981a; Karlsdóttir et al. 2007). The average grain size of B. 
nana is distinctly smaller than the grain size of B. pubescens 
(B. nana, 24 μm; B. pubescens ssp. pubescens, 27 μm; B. 
pubescens ssp. tortuosa, 30 μm—Blackmore et al. 2003; B. 
nana, 24.5 μm; B. pubescens, 30.8 μm—Beug 2004). The 
grain size distribution of Lateglacial Betula pollen precipita-
tion is consequently either normally distributed (if just one 
species is present) or a compound distribution of two nor-
mally distributed components with different average values 
(Usinger 1981b).

The applicability of grain size measurements as a distinc-
tive feature between tree and dwarf birch pollen leads to a 
common use of a fixed threshold (Kolstrup 1982; Karlsdót-
tir et al. 2007; Mortensen et al. 2011). In contrast to this 
method, Usinger applied the statistical method of evalua-
tion of size-frequency distribution/approximation approach 
(Usinger 1975, 1978a, b, 1981b; Andersen 1980). As shown 
by different studies an absolute separation is not possible due 
to an overlap in grain-size distribution.

Beyond that it is important to note that the distinction 
is made between pollen types and not ultimately between 
species. In this respect pollen types are displayed in small 
capitals following de Klerk (2004b) to separate them from 
plant taxa. However, we assume that potential errors are sta-
tistically irrelevant.

Location

Lake Bølling is situated in central Jutland, Denmark. The 
lake basin, roughly circular in outline and about 2 km in 
diameter, is part of a valley adjacent to the main stationary 
line of the Weichselian ice sheet during the last glacial maxi-
mum (Fig. 1). The valley was formed during the early Lat-
eglacial by a meltwater stream (Brandt 1954). The area was 
drained in 1870 for peat cutting and agricultural purposes 
(Stockmarr 1975; Bennike et al. 2004) before it was restored 
again between 2004 and 2005. The site cored by Usinger is 
close to Iversen’s original coring site from the 1940s and 
was determined by Bennike et al. (2004) as 56°10′35.4″N, 
9°22′20.9″E.

Material

On the 30th of June 1981, Usinger used a modified Liv-
ingston piston-corer (Mingram et al. 2007) to extract nine 
different sediment cores, each with a maximum depth of 
four metres. Three of them were cored in an overlapping 
sequence to enable interruption-free analyses. Boreholes VII 

and IX with an offset of 30 cm were chosen for palynological 
investigations.

According to a number of previous analyses of sediments 
from Lake Bølling the complex Lateglacial stratigraphy of 
the site (Iversen 1942, 1947; Stockmarr 1975) could easily 
be correlated with a sequence analysed by Bennike et al. 
(2004).

The chosen sediment sequence for pollen analysis is 
shown in Table 1. The sequence reaches glacial till in the 
bottom section at 390 cm depth. This is followed by irreg-
ularly layered sandy, silty and clayey gyttja up to 370 cm 
and by different layers of sand as well as clayey and silty 
calcareous gyttja of predominantly yellowish-grey colour 
up to 246 cm. A layer of sandy and clayey gyttja with very 
sharp upper and lower boundaries follows up. This layer 
spans about four cm and has been interpreted by Usinger as 
a single event representing a hiatus. Different thick layers 
of calcareous gyttja interspersed with layers of fine sand 
and dark brown detritus gyttja are overlaying the probable 
hiatus (up to 165 cm). These are succeeded by blackish fine 

Fig. 1   Map of Denmark with important locations as mentioned in the 
text. Allerød—Hartz and Milthers (1901), Slotseng—Mortensen et al. 
(2011); Ruds Vedby—Krog (1954), Nahe—Krüger unpublished; the 
detailed map shows the restored Lake Bølling within the melt water 
valley as well as the former Bøllingsø canal. Location A—investiga-
tions by Stockmarr (1975), B—approximate location of the core ana-
lysed by Brandt (1954), C—excavation by Krog in 1960; D—Iversen 
(1942)/Bennike et  al. (2004)/present study. Blue colour indicates 
renaturated lake area
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detrital gyttja (130 cm), dark grey and brown gyttja (30 cm) 
and finally peat.

Methods

Sampling and sample treatment

Pollen sampling and sample preparation had already been 
carried out in the early 1980s by H. Usinger. He analysed a 
total of 89 samples that are presented here, spanning almost 
the whole Lateglacial and the early Holocene. Sample prepa-
ration was carried out according to standard techniques of 
the 1980s (Erdtman 1960; Fægri and Iversen 1964). Lyco-
podium spore tablets were added to each sample to calcu-
late pollen concentrations (Stockmarr 1971). Additionally, 
approximately 10 g of sediment per sample were subjected 
to loss on ignition (LOI). The sediments were analysed 
for organic matter and CaCO3 according to the methods 
described by Dean (1974).

The gyttja, silt and sand layers were sampled at least at 
2.5 cm intervals for pollen samples. The alternating thin lay-
ers of gyttja and sand (190–240 cm) that probably date to the 
Dryas 3 have been sampled at 5 cm intervals. Pollen count-
ing was performed by H. Usinger at a total magnification 
of ×400 for routine counting and ×160 for scanning for rare 
types. A total pollen sum of at least 300 TTP (total terrestrial 
pollen, here excluding Cyperaceae) for pollen-poor samples 
and ≥ 650 TTP for average samples was achieved. Pollen 
grains were identified with the help of literature (Erdtman 
et al. 1963; Fægri and Iversen 1964) and the reference col-
lection of the Botanical Institute at Kiel University (Ger-
many). Pollen of thermophilous taxa such as Alnus, Corylus, 
Ilex aquifolium, Picea, Quercus, Tilia, Ulmus and Viscum 

album were regarded as rebedded/exotic if present in the 
Lateglacial deposits.

Additional pollen slides of each sample were visually 
scanned for Betula pollen by H. Usinger. The equatorial 
diameter of pollen was measured to enable a separation of 
species by pollen-size-frequency distribution. For each sam-
ple at least 120 measurements were made by H. Usinger.

Apart from that, samples of 10 cm3 were wet sieved at 
0.4, 0.2 and 0.1 mm to achieve material for a macrofossil 
analysis. Macrofossils were identified by H. Usinger and 
counted at 10-×40 magnification. The reference collection 
of the Botanical Institute at Kiel University was further con-
sulted. Macrofossils are presented as numbers per 10 cm3.

The macrofossil record as well as the handwritten pollen 
counting and scanning sheets have been compiled again and 
digitalized for this study by the authors.

Here, pollen-size-frequency distributions were used to 
determine theoretical compound distributions of Betula 
species. The computation for the present study was done 
in Excel 2016.

The pollen diagrams were constructed using the CountPol 
software developed by I. Feeser, Kiel University (Germany). 
Percentage values shown in the diagrams are based on the 
total terrestrial pollen sum—on the arboreal pollen sum (AP) 
and pollen of non-arboreal plants from dry grounds (NAP, 
upland vegetation). Pollen and spores of water plants and 
Cyperaceae were excluded. The diagrams were imported 
to Inkscape (v. 0.91–1) where minor changes have been 
made. Zone boundaries were placed at marked changes in 
pollen and LOI assemblages, as well as according to the 
results from Pearson’s coefficient of skewness and pollen 
concentration.

The processing of Usinger’s legacy data revealed 
that the preparation forms including sample weight and 

Table 1   Lithology of Lake 
Bølling sediments

Depth (cm) Lithology

0–30 Peat
30–45 Dark brown gyttja
45–130 Dark grey gyttja
130–165 Blackish fine detrital gyttja
165–170 Grey-brown calcareous gyttja, irregularly layered with organic detritus and sand
170–190 Grey-brown detritus gyttja/organic detritus with sand
190–242 Grey-brown calcareous gyttja, irregularly layered with coarse sand
242–246 Sandy, clayey gyttja (sharp boundaries; hiatus)
246–280 Yellowish-grey calcareous gyttja
280–308 Yellowish-grey calcareous gyttja, with numerous thin sandy (thickest at 

308.0 cm) and laminated clayey layers
308–332 Greyish clayey-silty gyttja, irregularly thin sand layers
332–338 Clayey sand layer
338–387 Irregularly layered sandy silty and clayey gyttja
387–390 Coarse sand mixed with fine gravel
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volume of each sample have been lost over time. Usinger 
performed the sampling consistently according to a uni-
form protocol (W. Dörfler personal communication). 
As the number of added Lycopodium spore tablets and 
counted spores are known, the calculation of the pollen 
concentrations has been obtained by assuming a uniform 
sample volume and weight (1.5 ml/1.5 g per sample).

Determination of Betula species

The pollen analytical determination of Betula sp. was 
attempted by two different methods. The first was by 
morphologically distinguishing a B. pubescens- and a B. 
nana-type (Blackmore et al. 2003; Beug 2004). Based on 
phytogeographic considerations, pollen and macrofossil 
datasets of B. pubescens pollen dominate the tree-birch 
pollen precipitation (Usinger 1981a, b), although B. pen-
dula cannot be fully excluded. Hence, a B. pubescens-type 
is used here, including the species of B. pendula and B. 
pubescens (Blackmore et al. 2003; Beug 2004).

The second method was the evaluation of characteris-
tics and parameters of pollen-size-frequency distributions.

With the first method a determination of Betula pollen 
based on morphologic differences was made after Ter-
asmä (1951) as well as Erdtman et al. (1961). Generi-
cally developed pollen grains can be distinguished but 
the amount of intermediary pollen remains considerable, 
leaving space for subjective decisions (Usinger 1978b). 
In this respect, it was necessary to utilize the approxi-
mation approach as described by Usinger (1975, 1978b, 
1981b; ‘Approximation through theoretical compound 
distribution’). Only triporate pollen grains lying in polar 
view were used during the visual scanning. The pollen 
size was distinguished by measuring the major dimen-
sion (distance from the outside tip of the pore to the outer 
margin of the facing wall). For the pollen-size-frequency 
distribution, the pollen size was classified in µm steps. 
However, this microscopic work had been carried out by 
Usinger between 1982 and 1983 and recorded on count-
ing sheets. Those were compiled and digitalized for the 
present study. In order to obtain statistically significant 
results (minimum of 200 Betula pollen grains, depending 
on the preservation), two samples were combined. Statis-
tical parameters were used as follows: 

D	� is the modal value
H	� is the relative frequency, 0 ≤ H ≤ 1

Q	� is the relative difference of average pollen size of two 
species, Q = x̄2 / x̄1 when x̄2 > x̄1

s	� is the statistical dispersion; standard deviation
Sp	� is the Pearson’s coefficient of skewness, Sp = (x̄ − D)∕s

V 	� is the coefficient of variation, V = s∕x̄

x̄	� is the mean; average pollen size

Pearson’s coefficient of skewness

The use of Pearson’s coefficient of skewness (Sp) to sepa-
rate B. nana from B. pubescens has already widely been 
discussed by Usinger (1975). The principle is based on the 
assumption that pollen grains feature the same size altera-
tions when subjected to the same physical and chemical 
processes (Sachs 1971; Usinger 1975, 1978b, 1981b).The 
principle utilizes the circumstance that the modal value D 
and the arithmetic average x̄ do not coincide in asymmetri-
cal distributions. In this article, the skewness of a displayed 
curve can reveal compound distributions, successions or 
changes of dominance in pollen precipitation.

Approximation through theoretical compound 
distribution

The algorithm is premised on the assumption that the dis-
tribution is a compound distribution of two normally dis-
tributed (and always the same) components with different 
mean values. Differences between the distributions are 
substantially based on differences in mix-ratios of the two 
components.

Given that the assumption is true, x̄1 and x̄2 are the mean 
values (average pollen sizes) and s1 and s2 the standard 
deviation of the two component distributions. The mix-ratio 
of the component distributions is defined by their relative 
frequency, for which H1 + H2 = 1 applies. The compound 
distribution can be described with the function

when only H1 is altered (Usinger 1978b, 1981b). Thereby 
p(x) stands for pollen-frequency of size x . The relative fre-
quency H1 is determined by minimizing the mean squared 
error between the compound distribution and the normalized 
pollen-frequency-distribution n̄(x)

In this work, H1 is calculated through an exhaustive 
search with a step size of 0.01. In addition to H1 , only x̄1 is 
varied with a step size of 0.1 µm. The second mean x̄2 results 
from Q = 1.19 , which is assumed to be constant (Usinger 
1975; Karlsdóttir et al. 2007). The standard deviation of each 
component distribution results from a constant coefficient of 
variation V = 0.072 (Usinger 1975, 1978b, 1981b).

(1)p(x) =
H1

s1

√

2𝜋
e
−

(x−x̄1)
2

2s2
1 +

1 − H1

s2
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2𝜋
e
−

(x−x̄2)
2

2s2
2 ,

(2)H1 = arg min
H1∈[0,1]

∑

x

[

p(x) − n̄(x)
]2
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The relative frequency is used to determine the amount of 
B. pubescens and B. nana pollen in the total terrestrial pol-
len sum. Missing frequency values, due to the combination 
of two samples, were determined by linear interpolation. 
The results were smoothed with a moving average filter of 
length 3.

Distinction of Betula species by a fixed threshold

The detailed and comprehensive handwritten dataset by 
Usinger rendered it possible to retrospectively apply a fixed 
threshold in order to separate Betula sp. Usinger recorded 

size classes of Betula pollen, by measuring the maximum 
diameter of the pollen grain, in 1 µm-steps. In this respect a 
fixed threshold at 21.5 µm was applied, following Mortensen 
et al. (2011), Karlsdóttir et al. (2007) and Kolstrup (1982).

Dating

As the investigations by Usinger in 1982 did not include 
the dating of macrofossils, a later study by Bennike et al. 
(2004) aimed at obtaining datable material. Further dates 
were provided by Sarmaja-Korjonen et al. (2006) deriving 
from the same fieldwork campaign. However, the datings 

Fig. 2   Pollen percentage diagram showing selected taxa. The sum used for calculation is TTP excluding Cyperaceae. The dashed line indicates 
×10 exaggeration for improved reading. The grey horizontal bar indicates a hiatus
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only allowed for a rather fragile age-depth model (O. Ben-
nike personal communication). Macrofossils from Usinger’s 
original analysis for potential new datings are unfortunately 
not existent. For this reason the present study neglects to set 
up an age-depth model and is based solely on palynostratig-
raphy and biostratigraphy.

Results and environmental synthesis

The pollen diagram of Lake Bølling is based on 89 pol-
len spectra between 102.2 and 386 cm below the surface. 
The diagram was divided into seven pollen assemblage 
zones (PAZ; BOE-1 to BOE-7), which further included five 

subzones. The general development in the pollen record is 
described in ESM Table 1. The pollen diagram showing per-
centage values calculated on TTP is shown in Fig. 2. Besides 
B. nana and B. pubescens curves also a Betula sum curve has 
been added for improved reading. A simplified concentration 
diagram is depicted in Fig. 3a, b.

The diagram displaying the coefficient of variation, Pear-
son’s coefficient of skewness, the approximation approach 
and the fixed threshold can be seen in Fig. 4a–e. The use of 
the approximation approach in the uppermost samples of the 
record (Fig. 4c) was regarded as redundant. The sediment 
is of clear Holocene origin and, therefore, a calculation has 
not been made.

The preservation of macrofossils was predominantly 
good. 27 samples were analysed in total and the results are 

Fig. 2   (continued)
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given in Fig. 5. PAZs have been added at corresponding 
depths for improved reading.

Determination of Betula species by statistical 
methods

Coefficient of variation and Pearson’s skewness

The coefficient of variation for a record of a single species 
would constantly remain below 0.09 as shown by Usinger 
(1975). However, the coefficient of variation within the 
first Sect. (1) of Fig. 4a remains constantly above 0.09 and 
in most cases even significantly above 0.11. As suggested 
by Usinger (1975, 1978b, 1981b) it can be concluded that 
values > 0.09 with certainty result from a compound distri-
bution of at least two species with different average pollen 
sizes.

Within the second Sect. (2) the values predominantly 
undershoot the value 0.09 indicating that only one Betula 

species is present within the record. However, on the other 
hand it needs to be considered that this section displays 
the later Preboreal and early Boreal period (see ‘Environ-
mental synthesis’ below). A mixture of B. pubescens, B. 
pendula and potential hybrids could affect the result within 
the early Holocene. Still, this possible source of error can 
be neglected, as the focus is set on the Lateglacial part of 
the record.

Pearson’s coefficient of skewness for a record of a sin-
gle species can always be characterized as approximately 
symmetric. In this respect asymmetry suggests a com-
pound distribution (Usinger 1978b), indicating that all five 
defined sections of Fig. 4b show the presence of at least 
two Betula species within the record.

In a detailed study, Usinger (1975) could show that 
skew values above + 0.3 are equivalent to a compound 
distribution dominated by B. nana, with significant par-
ticipation of B. pubescens. To the opposite skew values 
below − 0.15 indicate compound distributions dominated 

Fig. 3   a Diagram showing pollen concentration per cm3 sediment 
of selected taxa and sum concentration between Dryas 3 and early 
Boreal period. b Diagram showing pollen concentration per cm3 sedi-

ment of selected taxa and sum concentration between Dryas 1 and 
late Allerød period
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by B. pubescens, with significant participation of B. nana 
(Usinger 1975, 1978b; Andersen 1980).

Pearson’s coefficient skewness in section one (1) 
of Fig. 4b significantly undershoots the value of + 0.3 
towards only the very end of the section. It can be inferred 
that the compound distribution of this section is without 
doubt dominated by B. nana.

Section two (2) displays highly fluctuating values that 
clearly exceed and undershoot the set thresholds of − 0.15 
and + 0.3. Pearson’s coefficient of skewness is highly 
dependent on the modal value D. D does not differ dis-
tinctly in section two. The quantity of size-distributions 
between 21 and 25 μm are almost equal. This results in 
a strongly varying coefficient of skewness and can be 

interpreted as a shift of dominance between B. nana and 
B. pubescens.

Within section three (3) the values have stopped fluctu-
ating. They constantly stay below − 0.15 indicating a clear 
dominance of B. pubescens. This presumed dominance ends 
at the observed hiatus.

The lower part of section four (4) only contains five 
samples (depth 244.5–200.0 cm). An increasing tendency 
is obvious, indicating another possible shift in dominance, 
but the amount of samples is insufficient for a statistically 
relevant conclusion. Within the upper part of section four 
(200.0–244.5 cm) the values undershoot the threshold of 
− 1.5 again. Considering that the blackish gyttja is of early 
Holocene origin, the regained dominance of B. pubescens 
is not surprising.

Finally, section five (5) contains values that lie well 
between the thresholds showing no clear tendency. Consid-
ering the lithology again, this should not be interpreted as 
another shift in dominance between B. pubescens and B. 
nana. As stated above, it is more likely that the values dis-
play a compound distribution of B. pubescens and B. pen-
dula (including possible hybrids), the latter being also highly 
relevant for early Holocene reforestation (Usinger and Wolf 
1982).

Determination of Betula species by approximation 
approach

The method was applied in particular to focus on the ear-
lier parts of the Lateglacial. As can be seen in Fig. 4c the 
approximation approach yielded distinct results. Especially 
within the assemblage zones BOE-1 to BOE-4c tendencies 
and dominances could be clarified.

A dominance of B. nana within BOE-1 to BOE-2 is clear. 
This includes a first maximum that needs to be discussed 
against the background of the first Lateglacial intersta-
dial (see ‘Environmental synthesis’ and ‘Approaching the 
term Bølling’). Furthermore, the beginning of the Allerød-
Interstadial and a following shift in dominance between B. 
nana and B. pubescens can easily be noticed from the results 
(BOE-4a to 4c).

Potential sources of error concerning the approximation 
approach have been discussed in detail by Usinger (1975, 
1978b). Still the question remains whether curve-fitting, 
interpolation and averaging will result in reliable outcomes. 
However, a comparison with actual pollen counts as well 
as macrofossils will contribute to answering that question.

It must be clear that a high resolution is imperative for 
conducting this application in order to detect small scale 
changes also. Nevertheless, the method is highly time-con-
suming and it is therefore recommended to only use it in 
case of research questions referring specifically to Betula.

Fig. 3   (continued)
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Two ways of determination: a brief comparison

The results of the determination of B. nana by a fixed thresh-
old (Fig. 4d) and by approximation approach (Fig. 4c) are 
compared in Fig. 4e. The similarities in the course of the 
curves and the coincidence of tendencies are apparent. This 
implies that the results of the approximation approach are 
less effected by potential sources of error than expected. 
However, it becomes clear that the morphological distinc-
tion (fixed threshold) yielded smaller percentages for B. 
nana throughout the Lateglacial part of the diagram. In this 
respect, Usinger (1978b) suspected that the limits for B. 
nana concerning the threshold have been set too narrowly.

As the focus of this paper is set on the earlier parts of 
the Lateglacial period in order to look at the relation of tree 
and dwarf birches it was necessary to apply the approxima-
tion approach. Only in this way was it possible to achieve a 
distinct result.

Whether one or the other method is applied generally 
draws no distinction with regard to the question of the migra-
tion of tree birches. Proof for the actual local presence of 
species can only be provided by macrofossils (Birks and 
Birks 2000) or wax lipids (Schwark et al. 2002; van den 
Bos et al. 2018).

Environmental synthesis

The environmental synthesis comprises the results and dis-
cussion of the pollen analysis (depicted as percentages in 
Fig. 2 and as concentrations in Fig. 3a, b) and the macrofos-
sil record (Fig. 5). Palynological work by Iversen (1942), 
Krog (1954), Stockmarr (1975), de Klerk (2004b), Usinger 
(1975, 1981a, b, 1985) and Mortensen et al. (2011) is fur-
ther consulted. Additionally, LOI values are incorporated, 
inheriting a high explanatory potential between the onset of 
the first Lateglacial interstadial and the end of the Allerød-
Interstadial (Mortensen et al. 2014a). In order to prove the 
presence of species, macrofossil records of previous local 
analyses by Brandt (1954) and Bennike et al. (2004) are 
included as well.

BOE‑1  (cf. Pleniglacial/Dryas 1) 386.0–369.5 cm

The environmental conditions of the Lake Bølling area 
before the onset of the first Lateglacial interstadial are 
characterized by diverse erosional processes. This can be 
inferred from high amounts of rebedded pollen grains with 
maxima of 90% and high abundances of dinoflagellate 
cysts > 20% (Bakker and van Smeerdijk 1982). Additionally, 
a pollen concentration below 1000 pollen grains per cm3 
sediment, and irregular layers of sand embedded in a silty 
and clayey gyttja of 90% minerogenic content in sum suggest 

periglacial conditions with high aeolian activity, permafrost 
and solifluction.

The heterogeneous aquatic flora is composed of differ-
ent species of Pediastrum, Potamogeton praelongus (Brandt 
1954), P. perfoliatus and P. filiformis (Bennike et al. 2004). 
Those species are unlikely to have been competing with each 
other due to a wide ecological amplitude. The high abun-
dance of Potamogeton sp. within the pollen spectrum as well 
as within the macrofossils suggest that their distribution was 
favoured by clear water conditions. Their ecological require-
ments indicate that the water levels were rather low.

At the telmatic zone of the lake Equisetum sp., Sparga-
nium sp. and Cyperaceae were prevailing.

Some of the first pioneer species to spread on the dry raw 
soils were dwarf shrubs such as Salix sp. (cf. polaris, cf. 
herbacea) and B. nana that were also the dominating tree/
shrub pollen types as well as dry land macrofossils (Brandt 
1954; Bennike et al. 2004). Towards the end of the assem-
blage zone, Juniperus-type pollen became abundant indicat-
ing a minor spread on the raw sandy soils. It is likely that 
juniper plants, if actually present, grew close to the ground. 
All branches that protruded beyond the winter snow cover 
would have been withered and eroded when the ground 
was frozen (Overbeck 1975). This can also be assumed for 
dwarf birches and willows. However, a rather sparse local 
vegetation can be deduced from the pollen concentration. 
It was generally dominated by Poaceae but also other light-
demanding herbaceous plants such as Artemisia sp., Rumex 
sp., Urtica sp. as well as Rubiaceae and Apiaceae.

Iversen (1942) emphasized that the high amount of 
reworked material may have resulted in a pure secondary 
pollen record originating from meltwater. Additionally, Ben-
nike et al. (2004) also highlight a possible impairment of the 
interpretation caused by re-depositional processes. However, 
a pleniglacial interpretation of this assemblage zone is in 
line with vegetation records from The Netherlands (Hoek 
2001; Bos et al. 2006), northern Germany (Usinger 1985; 
de Klerk 2002) and Denmark (Mortensen et al. 2011) prob-
ably due to a relatively sparse vegetation and thereby high 
erosion.

BOE‑2  (cf. Meiendorf sensu Menke/Bølling-Oscillation 
sensu Iversen) 369.5–330.0 cm

The variety and abundance of aquatic species in this 
assemblage zone mark a warming. Potamogeton praelon-
gus, P. perfoliatus and P. filiformis are dominant, while 
Characeae macrofossils have also been found in large quan-
tities (Brandt 1954; Bennike et  al. 2004). Additionally, 
Pediastrum sp. in high abundances, Menyanthes trifoliata 
and Myriophyllum verticillatum are present in the pollen 
samples.



199Vegetation History and Archaeobotany (2020) 29:189–211	

1 3

Fig. 4   a The coefficient of 
variation according to depth 
including division into two sec-
tions. Red dotted line indicates 
threshold at 0.09; b Pearson’s 
coefficient of skewness accord-
ing to depth including division 
into five sections. Red dotted 
lines indicate thresholds at 
− 0.15 and 0.3; c Approximated 
B. pubescenes and B. nana 
pollen. Grey bars and grey line 
indicate results per sample. 
Green curve depicts combined 
samples smoothed with a 
moving average filter; d Sum 
curve and separate curves of B. 
pubescenes and B. nana pollen 
resulting from separation by 
fixed threshold; e The compari-
son of B. nana pollen according 
to approximation [green] and 
fixed threshold [black]
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The aquatic ecosystem—that might have responded much 
faster to environmental changes than the vegetation on dry 
grounds (Iversen 1973; Sarmaja-Korjonen et al. 2006)—
could have been impacted by in-wash of minerogenic matter 
and rapid sedimentation as indicated by several thin sandy 
layers embedded in silty and clayey gyttja. The spread of 
aquatic species had potentially even been slowed down in 
this way (Bennike et al. 2004) but the overall increase in 
aquatic productivity could explain an increase in carbonate 
content of the sediment.

Still, high percentages of exotic pollen indicate unstable 
conditions in the area but the amount of those grains has 
been reduced by half. The same is valid for rearrangement-
indicating dinoflagellate cysts that are a major component 
of the marine environment. As marine influence can be 
excluded for this stage of the Pleistocene at the research 
area, their abundance within the record could be a sign of 
meltwater outflow or secondary deposition (Bakker and van 
Smeerdijk 1982). Again, this still suggests diverse environ-
mental processes, most likely aeolian activity and meltwater-
erosion, but not as pronounced as before.

The percentage increase of the heliophilous Artemisia 
sp. as well as B. nana and Hippophaë mark the beginning 
of assemblage zone BOE-2 and hence, of the Lateglacial 
(van der Hammen 1951; Iversen 1954; Menke 1968; van 
Geel et al. 1989; Hoek 1997; de Klerk 2008). Synchro-
nously with the increase in variety of aquatic species, the 
influx of calcium carbonate in the sediment also increases. 
Calcareous raw soils in particular favoured the spread of 

Hippophaë cf. rhamnoides in the area. Even if the distri-
bution of Hippophaë was not as significant as in parts of 
northern Germany (Dätgen, Großes Moor—Aletsee 1959; 
Kubitzbergmoor—Usinger 1975; Eichholz-Niederung—
Usinger 1978b), two maxima can be observed within the 
PAZ. Mortensen et al. (2011) also reported on a double peak 
of Hippophaë rhamnoides at Slotseng, South Jutland. How-
ever, as common sea buckthorn is insect pollinated even low 
amounts of pollen can indicate a strong local distribution 
(Firbas 1949; Overbeck 1975; Søgaard et al. 2018).

Throughout the assemblage zone an increase in Betula 
pollen is apparent. The approximation approach revealed 
that B. nana pollen was dominating. This result is sup-
ported by B. nana macrofossils that prove its existence in 
the area (Brandt 1954). Apart from that, increasing amounts 
of B. pubescens pollen cannot be ignored. As suggested by 
Bennike et al. (2004) and supported by the present study 
(Fig. 5), macrofossils of B. pubescens exclusively occur in 
the upper parts of the sediment that can be correlated to the 
early Holocene. Against this background long distance trans-
port needs to be discussed. Airborne Betula pollen easily 
crosses distances of 2000 km under favourable wind condi-
tions (Hjelmroos 1991, 1992; Wallin et al. 1991). However 
the glacial refugia of tree birches can be expected much fur-
ther to the south (Litt and Stebich 1999; Mortensen et al. 
2014a). It is therefore presumed that the amount of recorded 
B. pubescens pollen consists of a mixture of rebedded pollen, 
potentially wrongly recorded B. nana pollen, but first and 
foremost of airborne pollen. The assumption contradicts the 

Fig. 5   Diagram showing macrofossil concentrations per 10 cm3 sediment. The taxa remains are seeds and fruits, unless otherwise specified
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suggestion of Iversen (1942) who interpreted a first Betula 
pollen peak as the Lateglacial migration of tree birches (see 
‘Comparison with Iversen’s diagram’ below).

Still, a rather sparse local vegetation can be inferred from 
the pollen concentration. However, Hippophaë sp. and Juni-
perus sp. were present in small local populations consolidat-
ing the soil and slowing down erosional processes (de Klerk 
2008). As their seeds are distributed by birds (Gillham 1970) 
their maximum distribution occurred before that of B. nana. 
Stands of B. nana became abundant towards the end of the 
assemblage zone to the disadvantage of especially Poaceae. 
Salix cf. polaris was also common as indicated by macro-
fossils (Brandt 1954; Bennike et al. 2004). An increase in 
the variety of herbaceous plants within BOE-2 is proven 
by macrofossils of Saxifraga oppositifolia, Dryas octo-
petala, Rumex tenuifolius, Potentilla sp., Minuartia sp., and 
Cerastium sp. that partly have been found within the pollen 
spectrum as well. Furthermore, there is pollen evidence of 
Helianthemum sp., Armeria sp., Plantago major/media, P. 
maritima, Caryophyllaceae, Rosaceae, Rubiaceae, Apiaceae 
and Fabaceae, supporting the interpretation of a vegetation 
with an open character.

The assignment of the spread of Hippophaë sp., Artemi-
sia sp., Helianthemum sp. etc. to a separate phase has been 
suggested by e.g. Menke (1968; Merkt and Müller 1999). 
This is followed by a general decrease in NAP and a gen-
eral Betula pollen maximum. This division could easily be 
made for the dataset presented and assemblage zone BOE-2. 
Nevertheless, it has been omitted as this part of the record 
mirrors a succession favoured by warmer conditions, here 
presumed to reflect one biostratigraphic unit. The results for 
BOE-2 show that they meet the (biostratigraphic) character-
istics described for the Meiendorf-Interstadial (Bock et al. 
1985) as well as for the Bølling-Oscillation (Iversen 1942). 
The latter did originally not include Hippophaë sp. but it was 
highlighted as the first pioneer shrub of Lateglacial Denmark 
later on (Iversen 1973). As a result, it is generally proposed 
here to equate the terms Meiendorf and Bølling (-biozone) as 
it is already common practice (Donner 1995; Bennike et al. 
2004; Mortensen et al. 2011).

BOE‑3  (cf. Older Dryas/Dryas 2) 330.0–310.5 cm

A general decrease in arboreal and shrub pollen con-
trasted by a steep increase in NAP marks the beginning of 
PAZ BOE-3. The amount of exotic/rebedded pollen grains 
increases to > 60% once again, as does the number of dino-
flagellate cysts, indicating increased erosional processes in 
the area. Several thin layers of sand embedded in clayey-silty 
gyttja allude to the same process.

The aquatic ecosystem had probably been affected 
by colder and therewith less favourable conditions. Pol-
len evidence of Potamogeton sp. reduces to a minimum. 

Synchronously, the macrofossil record confirms less variable 
aquatic biodiversity with only few finds of Potamogeton per-
foliatus and P. filiformis (Brandt 1954; Bennike et al. 2004).

Pollen evidence of B. nana, B. pubescens, Salix sp. and 
Hippophaë sp. decreases and also the amount of B. nana 
macrofossils is low (Brandt 1954; Bennike et al. 2004). 
However, the first macrofossil of B. nana of the present 
study appears in the record. In contrast to that, a wide range 
of heliophilous herbs is present, including a maximum dis-
tribution of species that prefer dry and often calcareous 
and basic soils such as Dryas octopetala, Helianthemum 
sp., Artemisia sp., Armeria sp. and Rumex sp. An apparent 
maximum amount of Dryas octopetala macrofossils as well 
as few finds of Saxifraga oppositifolia, Rumex tenuifolius, 
Potentilla sp., Minuartia sp. and Cerastium sp. in connection 
with the pollen results point out that the vegetation was still 
dominated by light-demanding species.

The general pollen concentration almost doubled within 
BOE-3. The major part of the increase in concentration is 
determined by Poaceae. According to that, the decrease in 
B. nana, B. pubescens, Salix sp. and Hippophaë sp. in the 
percentage diagram can potentially be explained by calcula-
tion effects. A decrease in pollen percentages is not in line 
with a decrease in pollen concentrations. This effect has also 
been reported at Slotseng (Mortensen et al. 2011). This can 
be a result of increased local distribution of Poaceae as well 
as increased pollen amounts deriving from long distance 
transport.

BOE‑4a  (cf. early Allerød period) 310.5–282 cm

The onset of the Allerød-Interstadial can be detected 
through a variety of proxies. A change in sediment from 
clayey-silty gyttja to a yellowish calcareous gyttja partly 
showing lamination suggests less erosion and more sta-
ble conditions within the lake. A steep decrease in exotic/
rebedded pollen and dinoflagellate cysts allude to the same 
process.

Synchronously, a strong increase in carbonate content 
of the sediment is in line with a diversification of aquatic 
species. Especially the amounts of Characeae point to an 
increased precipitation of calcium carbonate (Hoek et al. 
1999). Occurrences of Potamogeton filiformis, P. praelon-
gus, P. perfoliatus, Batrachium sp. (Brandt 1954) and Cal-
litriche hermaphroditica, as well as an increase in general 
Cladoceran concentrations (Bennike et al. 2004) and fair 
amounts of Potamogeton sp. pollen and increasing values 
of Pediastrum sp., indicate increased aquatic productivity 
through a possible growing nutrient input (Sarmaja-Kor-
jonen et al. 2006).

The change in the environment is also reflected in pol-
len concentration. While the percentages remain unaltered, 
the overall concentration almost triples. Within the pollen 
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samples maxima of B. pubescens and B. nana are significant 
at the beginning of the assemblage zone, the latter show-
ing general decreasing tendencies after the maximum. Once 
again the spread of B. nana is reflected in the macrofossil 
record to the same extent, whereas evidence of tree birches 
is still lacking (Brandt 1954; Bennike et al. 2004).

Within the early Allerød period the northern limit of tree 
birch dispersal has expanded northwards. Pollen and mac-
rofossil evidence suggest scattered stands of tree birches in 
the area of Hamburg in the early Allerød period (Overbeck 
1975; Usinger 1985). In accordance with this shift also the 
increased influx of B. pubescens pollen is assumed to derive 
from long distance transported pollen and not from local 
stands.

The total amount of arboreal and shrub pollen rises to 
about 50%. However, the presence of Selaginella selagi-
noides (Bennike et al. 2004), Caryophyllaceae, Salix herba-
cea (Brandt 1954) and pollen evidence of Chenpodiaceae, 
Urtica sp., Artemisia sp., Rumex sp. and Helianthemum sp. 
still suggest open pioneer vegetation conditions consisting 
of low growing species and potentially sub-arctic conditions.

The similarities of the pollen abundances described by 
Usinger (1985)—cf. Juniperus-Betula nana-Betula pube-
scens-PAZ—for the early Allerød period are obvious. In 
particular, the delayed maximum of Juniperus-type pol-
len, which can also be observed in the diagram from Ruds 
Vedby, Sealand (Krog 1954), highlights an association with 
the early Allerød period.

The Allerød—as chronozone, climatic unit or biozone—
is a period of constant fluctuations. These fluctuations have 
been recorded in a variety of archives such as the Greenland 
ice cores (Björck et al. 1998; Lowe et al. 2008; Blockley 
et al. 2014) as well as lake sediments from e.g. The Nether-
lands, Germany, Denmark and Belgium (Reinberg basin/N. 
Germany—de Klerk et al. 2008; Hämelsee/N. Germany—
Merkt and Müller 1999; Meerfelder Maar/W. Germany—
Litt and Stebich 1999; Holzmaar/W. Germany—Leroy et al. 
2000; Slotseng/Denmark—Mortensen et al. 2011; Hasselø/
Denmark—Mortensen et al. 2014c; Moervaart/NW. Bel-
gium—Bos et al. 2017; Gulickshof/S. Netherlands—Hoek 
et al. 1999).

It is evident that even subzone BOE-4a could potentially 
be further divided. Between 302 and 290 cm there is a 
decrease in B. nana, B. pubescens and in carbonate content 
of the sediment that correspond to short-termed increases 
in Poaceae, Artemisia sp. and Pinus sp. In this respect, also 
the following Juniperus sp. increase and decrease can be 
explained if one assumes this to reflect a succession with 
another Betula pollen maximum towards the end of assem-
blage zone BOE-4a. Following this, one could argue that 
a short termed climatic setback can potentially be found 
within this PAZ, which would resemble biozone Dryas 2/cf. 
Older Dryas as used by Usinger (1975) or Litt et al. (2001). 

This would further imply that the previous subzone includ-
ing a B. nana and B. pubescens maximum could be linked 
to what has been called Bølling/Bölling/Boelling in Ger-
man research context (Usinger 1985; Litt and Stebich 1999; 
Merkt and Müller 1999; Litt et al. 2001; Nelle and Dörfler 
2008). However, this fluctuation is much less pronounced 
than the following Gerzensee-Oscillation within the pollen 
record. The resolution seems still too low to finally evaluate 
this event. Therefore, a subdivision has been neglected.

BOE‑4b  (cf. Gerzensee-Oscillation) 282–269.9 cm

Assemblage zone BOE-4b is characterized by a marked 
decrease in Betula pollen. This is, however, much more 
pronounced for B. pubescens pollen than for B. nana pol-
len. At the same time, maximum values of Pinus, Rumex 
sp., Artemisia sp. and Helianthemum sp. can be observed, 
indicating that the assemblage zone reflects the Gerzensee-
Oscillation (Björck et al. 1998; Lotter et al. 2000) and hence, 
the intra-Allerød cold period (Björck et al. 1998; Andersen 
et al. 2000; Bennike et al. 2004; Mortensen et al. 2011).

This short-termed event is not visually reflected in the 
sediment but an increase in carbonate content is apparent. 
In how far the aquatic ecosystem was affected cannot be 
evaluated because the analysis of macrofossils has not been 
conducted on a comparable time resolution. However, pol-
len of Potamogeton sp. is still present and Pediastrum sp. 
is continuously represented in high abundances within the 
diagram, suggesting minor or no variation.

It can be assumed that fluctuations in pollen composition 
are more dependent on a change in long distance transport 
(Pinus, B. pubescens) and in local pollen production due 
to the cold (Mortensen et al. 2011) than in local vegetation 
change. Still, an open vegetation is prevailing whereby cold 
and dry tolerant species as e.g. Helianthemum sp., Artemis 
sp. and Rumex sp. are temporarily benefitting from a short-
term temperature set-back (Björck et al. 1998).

BOE‑4c  (cf. late Allerød period) 269.9–247 cm

The increase of B. pubescens pollen marks the begin-
ning of assemblage zone BOE-4c. At the same time, B. 
nana pollen is constantly decreasing although still being 
reflected in the macrofossil record (Brandt 1954; Ben-
nike et al. 2004). Due to the lack of macrofossils, a pres-
ence of tree birches is doubted. This assumption is in line 
with a study by Mortensen et al. (2014a) and Bennike and 
Mortensen (2018), who suggested that tree birches did not 
migrate before the middle/late Allerød period to Denmark. 
Furthermore, a migration is restricted to areas where calcar-
eous depositions of the glaciers are found forming areas of 
high field capacity (Mortensen et al. 2014a)—further to the 
east of Lake Bølling. The sandy soils around Lake Bølling 
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remained a tree-less open landscape vegetated by heathland 
throughout the Lateglacial. It is likely that the increase in B. 
pubescens pollen influx mainly derives from migrating tree 
birches to eastern Jutland that, however, did not expand into 
the clayey sandy soils of the Lake Bølling area (Theuerkauf 
and Joosten 2009).

The upland vegetation almost remained unaltered. A low 
growing and light-demanding plant-community consisting 
of Poaceae species, Artemisia sp., Helianthemum sp. and 
Rumex sp. dominated the landscape. Still, scattered groups 
of shrubs such as B. nana (Bennike et al. 2004), Salix sp. 
and Juniperus sp. were present. Additionally, an increasing 
abundance of Empetrum nigrum can be inferred from pollen 
and macrofossil data (Brandt 1954; Bennike et al. 2004). 
The dispersal of E. nigrum, an acidophilic dwarf shrub, 
indicates a leaching of the carbonates in the soil as well as 
an enrichment in humus (Bennike et al. 2004). The over-
all picture corresponds to the reconstruction by Mortensen 
et al. (2014a) who assume open heathland vegetation in the 
investigated area.

Hiatus  247 and 242 cm

A layer of sandy to clayey gyttja with extremely sharp 
boundaries has been identified as an event causing a hiatus in 
the sediment record. The same is observed by Bennike et al. 
(2004) who report on a grey detritus gyttja with very sharp 
boundaries and a layer of grey well-sorted medium sand 
in correlating depths. As previously suggested by Usinger 
(1981a), such abrupt changes and the absence of transitional 
sediments point to a hiatus. These hiatuses have been asso-
ciated with water level changes, which cannot be excluded 
for the coring site at Lake Bølling as well. These changes 
were caused by more arid climate during the Dryas 3 period 
(Bakke et al. 2009).This implies that reworked Allerød mate-
rial needs to be considered when interpreting the assemblage 
zone of the following Dryas 3. The temporal extend of the 
hiatus is unknown.

BOE‑5  (cf. Younger Dryas/Dryas 3) 242–192.2 cm

The most significant change in contrast to the previous 
assemblage zone is reflected in the pollen concentration. 
General pollen influx has increased six-fold due to erosion. 
This circumstance is described by Usinger (1981a) as char-
acteristic for the hiatus between Allerød and Dryas 3 sedi-
ments. The macrofossil record likewise shows clear signs 
of soil erosion through the presence of in-washed Cenococ-
cum geophilum sclerotia (Bennike et al. 2004; Krüger et al. 
2017).

Synchronously with sand layers occurring within the 
gyttja, the abrupt decrease of calcium carbonates in the 

sediment is a characteristic sediment feature of the Dryas 3 
(Hoek et al. 1999; van Asch et al. 2012a, b; Bos et al. 2017).

An increase in Poaceae pollen and consistently high 
values for Artemisia sp., Helianthemum sp. and Rumex sp. 
together with the frequent occurrences of Selaginella selagi-
noides and Dryas octopetala point to the presence of an 
open pioneer vegetation (Bennike et al. 2004). Furthermore, 
high abundances of B. nana, Salix polaris and S. herbacea 
within the macrofossil record (Brandt 1954; Bennike et al. 
2004) emphasize the level of distribution of dwarf shrubs in 
the landscape within the PAZ.

Large quantities of Cyperaceae indet. and Carex sp. mac-
rofossils (Brandt 1954; Bennike et al. 2004) correspond to 
maximum Cyperaceae pollen values. Consequently, sedges 
were abundant in the telmatic zone and the closer surround-
ings of the lake.

BOE‑6a  (cf. early Preboreal) 192.2–138.5 cm

The transition towards the Holocene is reflected in a 
variety of proxies. At the beginning of the assemblage zone 
a marked increase in carbonate content of the sediment is 
apparent probably suggesting higher aquatic productivity 
through higher temperatures. This can be inferred especially 
from Cladoceran analysis by Bennike et al. (2004). Again, 
a diversification of aquatic species can be observed in the 
macrofossil record, including Characeae, Potamogeton fili-
formis, P. perfoliatus and Zannichellia palustris (Bennike 
et al. 2004). The palynological evidence from Potamogeton 
sp., Myriophyllum sp. and Pediastrum sp. indicates the same 
process.

The onset of the Holocene provided more stable condi-
tions within the lake. Less than 1% exotic/rebedded pollen 
grains and a lack of dinoflagellate cysts are the result of 
almost unimpeded sedimentation.

Within the assemblage zone a change in sediment towards 
a detrital gyttja is reflected in the increase of organic sedi-
ment content. This can be explained by an increase in 
organic production within the lake resulting from diversifi-
cation and higher amounts of aquatic species.

Whilst the proportion of Poaceae is halved, other helio-
philous species such as Artemisia sp. and Rumex sp. remain 
continuously present. Thermophilous species such as Urtica 
sp. and Filipendula sp. become abundant, indicating warmer 
climatic conditions. The disappearance of B. nana and the 
continuous lack of tree birches in the lake area promoted 
the spread of Juniperus sp. especially. Whether Juniperus 
sp. was still low-growing or reaching medium heights—as 
assumed for a comparable vegetation type during Dryas 3 
in northern Germany with scattered trees or groups of trees/
high shrubs at favourable sites (Usinger 2004)—cannot be 
finally evaluated.
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The increased quantities of Empetrum-type pollen and 
the abundance of E. nigrum remains within the macrofossil 
record (Bennike et al. 2004) still indicate rather poor soil 
conditions. This has also been interpreted as corresponding 
well to a more oceanic climate (Hoek 1997; Usinger 2004; 
Mortensen et al. 2014b, c).

However, the Preboreal Oscillation (Behre 1967; Björck 
et al. 1998; Usinger 2004) cannot be seen in the record, 
presumably due to low sample resolution in this part of the 
sequence.

BOE‑6b  (cf. late Preboreal) 138.5–108.7 cm

A marked change in vegetation can be assumed by the 
beginning of assemblage zone BOE-6b. Steeply increasing 
values of B. pubescens correspond to B. pubescens finds 
within the macrofossil record (Bennike et al. 2004). This 
is equivalent to the migration of tree birches to the Lake 
Bølling area. The assumption is supported by a significant 
increase in organic sediment content that has previously 
been interpreted as a sign of a more widespread woodland 
(Mortensen et al. 2014a). Zero values for B. nana are arti-
ficial. As the sediment was of clear Holocene origin, the 
calculation was omitted resulting in zero values for B. nana. 
B. nana probably grew as an understorey but the lack of 
macrofossils make a widespread distribution rather unlikely.

The migration of tree birches into the lake area affected 
the distribution of Juniperus sp. especially. A marked 
decrease suggests that the majority of Juniperus sp. stands 
were shaded out by the higher-growing birches. Poaceae 
were affected to the same extent. However, tree birches 
probably formed a relatively light open woodland with the 
presence of the thermophilous and heliophilous Filipendula 
sp. and Urtica sp.

The rising temperatures are reflected in the pollen con-
centrations and by increased number of species. Values more 
than double from 16,000 to 37,000 pollen grains per cm3 of 
sediment. Favourable growing conditions can be attributed 
to improved soil conditions and soil formation in the area, as 
also reflected in a decline in Empetrum-type pollen.

BOE‑7  (cf. early Boreal) 108.7–102.2 cm

Within assemblage zone BOE-7 total percentages for 
grasses and herbs decrease to below 10%. At the same time 
a marked increase in Corylus-type pollen can be observed, 
here interpreted as the beginning of the characteristic boreal 
Corylus maximum (Firbas 1949; Overbeck 1975; Odgaard 
1994). Furthermore, this is associated with an increase in 
Pinus-type pollen. Whether pine was already present or 
whether the rising curve just results from increased long-
distance transport cannot be evaluated due to a lack of 
macrofossils.

A denser-growing woodland can be inferred from declin-
ing percentages of Artemisia sp., Urtica sp. and Rumex sp., 
only Filipendula sp. was still abundant. The species spreads 
even under medium shade conditions. It is also likely that 
the pollen originated from F. ulmaria that grows rather in 
wet meadows.

Detrital gyttja with an organic content of ≥ 30% is charac-
teristic for early Holocene lake sediments in northern Ger-
many and Denmark (Reinberg basin/N. Germany—de Klerk 
et al. 2008; Hasselø/Denmark—Mortensen et al. 2014c). 
This corresponds to the further increase of pollen concen-
trations within the assemblage zone.

Approaching the term Bølling

Comparison with Iversen’s diagram

The investigation of Lake Bølling by Iversen took several 
stages (1941—Holocene sequence; 1942—Lateglacial/early 
Holocene sequence; 1947—same diagram as published in 
1942; 1954—Lateglacial periodic overview; 1973—sim-
plified overview Pleistocene-Holocene). These originated 
from different palynological datasets based on cores from 
1936, 1939 and 1946 (de Klerk 2004b). Following Bennike 
et al. (2004) the material presented here derives from a loca-
tion very close to Iversen’s original coring site. Therefore, 
a comparison with the dataset from 1936 (Iversen 1942) is 
performed.

Figure 6 displays the comparison of the two datasets. The 
diagram to the left is an extract from the diagram discussed 
above. The diagram to the right shows the Iversen dataset 
from 1936. Nine decisive taxa were chosen for comparison 
(following Iversen 1942, p 138). The calculation is based 
on TTP excluding Cyperaceae, as it is common practice in 
recent Lateglacial palynology (Mortensen et al. 2011; for 
further discussion see: Schütrumpf 1955; Fægri and Iversen 
1964; Iversen 1973; Janssen and Ijzermans-Lutgerhorst 
1973; Usinger 1975; de Klerk 2004b). It should be noted, 
that Pinus-type pollen grains of zone 1c in Iversen’s dia-
gram were originally not included because of being regarded 
as rebedded grains (Iversen 1947). Nevertheless, they are 
included in the displayed diagram because it cannot finally 
be decided whether they are the result of re-depositional 
processes or increased long-distance transport.

The given zonation is displayed according to original 
descriptions. For reasons of assumed spatial vicinity, the 
depths have been directly correlated. As a result, clear 
similarities are apparent from depth-correlation alone. This 
becomes even more apparent when comparing the PAZs.

The juxtaposition of the lowermost assemblage zones 
(BOE-1 and 1a) revealed no clear accordance. This is not 
surprising for three reasons. Firstly, Iversen’s zone 1a con-
sists of only two pollen samples that, secondly, have an 
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extremely low pollen sum (72 and 118 TTP) which is lower 
than the samples of BOE-1 (200–300 TTP). Thirdly, Iversen 
subtracted potentially rebedded pollen grains in the pollen 
samples below assemblage zone III (Iversen 1942), which 
might highly influence the displayed curves.

A correlation becomes apparent by comparing BOE-2 
and zone 1b—Iversen’s Bølling-Oscillation. Even though 
also zone 1b only consists of two pollen samples, both dia-
grams show similar tendencies and percentage values. Arte-
misia values rise in both cases to about 10% before Betula 
reaches maximum values. The increase in Artemisia values 
is for BOE-2 and in general assumed to reflect the onset 
of the Lateglacial (Iversen 1947; van der Hammen 1951; 
Overbeck 1975; Usinger 1985).

Iversen assumed that the Betula maximum of zone 1b 
reflects a mixture of B. nana and B. pubescens with a clear 
dominance of the latter (Iversen 1942, 1954). As discussed 
above, this peak in Betula mainly consists of B. nana pol-
len and also the only Betula macrofossils within the record 
are B. nana (Brandt 1954; Bennike et al. 2004). It had been 

assumed before that Iversen mainly determined B. nana pol-
len (Andersen 1980; Usinger 1985, 1998; de Klerk 2004b) 
but for the first time this can be shown for the locus classicus 
by the approximation approach on a detailed dataset.

It is conspicuous that Juniperus-type pollen is not present 
in Iversen’s record with only one single exception. Working 
on Lake Bølling, Iversen generated three different datasets 
that were available for the present study. A chronological 
comparison of the datasets shows that total Juniperus-type 
pollen amounts increase over time. Therefore, it is likely to 
assume that Iversen did not recognize the very thin-walled 
and often torn Juniperus-type pollen grains in the first place, 
and hence they were not recorded. Difficulties in distinguish-
ing Hippophaë pollen can be assumed to the same extent 
(Troels-Smith et al. 2018).

Furthermore, it has been argued for northern Germany 
that the maximum of B. nana pollen is followed by a maxi-
mum of Hippophaë pollen, in sum defining the Betula-nana- 
Hippophaë-PAZ (sensu Usinger), and hence equalling a 
first Lateglacial Interstadial (Usinger 1985). Based on that, 

Fig. 6   Depth correlation of selected taxa from the present dataset [left] and the pollen diagram as given by Iversen (1942) from an analysis of 
1936 [right]. PAZ according to original publications. Grey bars indicate hiatus
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Usinger (1985, 1998) reinterpreted the results of Iversen and 
concluded that there could not have been a pre-Allerød Inter-
stadial sensu Iversen for Denmark. However, a comparison 
of Iversen’s zone 1b with the present study and results from 
the well dated site of Slotseng (Mortensen et al. 2011)—that 
had not been available to Usinger—shows that a slightly 
pronounced double maximum of Hippophaë pollen before 
the B. nana pollen maximum was potentially common on 
clayey calcareous soils within the first Lateglacial intersta-
dial in Denmark. This would imply that Iversen did indeed 
find a climatic oscillation that pre-dates the Allerød period.

Within assemblage zones BOE-3 and 1c correspondingly 
low values for Betula associated with a peak in Poaceae can 
be observed as well as decreasing Salix values. The similar-
ity becomes even more apparent by looking at the lithol-
ogy. The boundary between 1c and 2 was not drawn halfway 
between the samples (depth 317 and 305 cm) as commonly 
done. Here, Iversen directed his attention to a layer of sand 
in between the samples that is also reflected in the lithology 
of the present study.

The Allerød period is reflected in BOE-4 and zone 2. In 
both cases, Betula values are fluctuating around 40%. Fur-
thermore, there is a surprisingly good match in Helianthe-
mum. Maximum values are again found at almost the same 
depths (280 and 278 cm).

Assemblage zones BOE-4 and BOE-5 are separated by a 
hiatus of unknown temporal extent. Iversen neither displayed 
nor wrote about a hiatus within zone 3. Nevertheless, the 
given lithology reflects a wide layer of sand that can explain 
the huge distance between Iversen’s samples (from 214 to 
243). Indeed, BOE-5 and zone 3 have independently been 
determined to represent the Dryas 3.

The onset of the Holocene is expressed by generally 
increasing values of Betula, a sharp decrease in Salix, a 
decrease in Artemisia and a decreasing overall tendency of 
Poaceae values within BOE-6. However, this would again 
correspond well with Iversen’s diagram if the boundary 
between zone 3 and 4 was shifted downwards to between 
depths 195 and 206 cm (see dotted line, Fig. 6; de Klerk 
2004b).

The challenge in correlating the diagrams arises from the 
different taxonomical and temporal resolutions. However, 
it can be seen that the overall correspondence between the 
diagrams in displayed pollen values and lithology is justi-
fied. As a result, the strength of the presented dataset lies 
within its ability to show the biostratigraphical units defined 
by Iversen (1942) in much higher resolution together with a 
statistical separation of Betula pollen.

Consequently, it can be inferred that Iversen’s interpreta-
tion of zone 1b as an independent climatic oscillation before 
the Allerød can be confirmed with one constraint. This 
would be that the Bølling-Oscillation sensu Iversen does 

not reflect the migration of tree birches, as hitherto assumed 
(Andersen 1980; Usinger 1985, 1998; de Klerk 2004b).

The biostratigraphical term Bølling—a comment

In 1942 Iversen made two important conclusions from his 
data. Firstly, he stated that there is a climatic oscillation 
prior to the Allerød period and that chronozone was named 
according to the analysed locality—Lake Bølling. Secondly, 
he linked his assumption to the first spread of tree birches 
after deglaciation—hence a biozone. Both assumptions were 
equally essential for Iversen’s definition (Iversen 1954).

However, Usinger emphasized the latter part of Iversen’s 
assumption. He pointed out that there could not have been 
a pre-Allerød-Interstadial sensu Iversen for Denmark based 
on comparisons to other diagrams and the migration of tree 
birches (Usinger 1985, 1998). Another diagram from the 
Lake Bølling area—Böllingsö Canal 2 (Stockmarr 1975)—
corresponds to the lower sections of Iversen’s diagram. Sup-
ported by disputable radiocarbon dates, Stockmarr (1975) 
interpreted the diagram Böllingsö Canal 2 as beginning with 
the Allerød-Interstadial. Years before that Krog (1954) pub-
lished pollen data from Ruds Vedby—a location further away 
on Sealand. Therein zonal division was conducted according 
to Jessen (1935) and the strongly fluctuating percentages 
of Betula are interpreted as belonging to the Allerød (Krog 
1954). Based on this, Usinger (1985) recommended a rein-
terpretation of the Bølling pollen zone (Bølling-Oscillation, 
Zone 1b) as defined by Iversen (Iversen 1942). All diagrams 
forming the basis for Usinger’s assumption show a very low 
sample density at the decisive depths (Stockmarr 1975, p. 
8 samples per 30 cm; Iversen 1942, pp. 3–4 samples per 
50 cm; Krog 1954, p. 5 samples per 20 cm). Thus, it remains 
generally questionable whether some important changes in 
vegetation composition have been recorded at all. Follow-
ing Usinger, the Bølling pollen zone sensu Iversen would 
designate palynologically the early Allerød-Interstadial. 
This assumption would be justified if Iversen had linked the 
Bølling-Oscillation solely to the migration of tree birches. 
Nevertheless, Usinger’s suggestion was resumed by Litt and 
Stebich (1999). It was largely accepted from that time on and 
partly applied for Germany (Merkt and Müller 1999; Litt 
et al. 2001; Nelle and Dörfler 2008).

In contrast to that, Iversen’s first assumption was high-
lighted in Danish Lateglacial research. Here, the term is 
applied as resembling the first part of the Lateglacial Inter-
stadial (Mangerud et al. 1974; Andersen 1980; Kolstrup 
1982; Kolstrup and Buchardt 1982; Donner 1995; Bennike 
et al. 2004; Mortensen et al. 2011, 2014b, c). At the same 
time, it is widely accepted that the migration of birch species 
does not occur before the middle to late Allerød period on 
favourable soils (Mortensen et al. 2014a). Therefore, the rule 
of priority should be applied here, as Iversen was the first to 
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name an oscillation prior to the Allerød that is reflected in 
biostratigraphy. Even if the content of the biostratigraphic 
term has not withstood the expansion of knowledge and 
hence has been altered, it is well justified to apply the term 
as currently done in Denmark and Scandinavia. Further-
more, it is used in exactly the same manner in e.g. France 
(Pastre et al. 2003; Peyron et al. 2005), Switzerland (Küttel 
and Lotter 1987), Poland (Majecka et al. 2018), The Neth-
erlands (Bohncke and Wijmstra 1988; Hoek 2001, 2009), or 
Belgium (Bos et al. 2017, 2018). To use the term biostrati-
graphically as a designation for the first Lateglacial inter-
stadial becomes even more legitimate in the context of the 
presented data.

The application of the term Bølling as the first part of 
the Allerød period in Germany is reasonable when referring 
only to the migration of birch species (Usinger 1985). At the 
same time, this is the source of confusion because of Ivers-
en’s twofold assumption concerning the Bølling-Oscillation 
and the introduction of the local term Meiendorf-Interval/
Interstadial for north-western Germany (Menke 1968; Bock 
et al. 1985). Therefore, we suggest here that terms are not 
altered further, but the term Bølling is abolished within the 
early Allerød period as currently done in German Lategla-
cial research contexts (Usinger 1998).

Additionally, we recommend the use of the terms Meien-
dorf (regionally for northern Germany as introduced by 
Menke (1968) and Bølling (Denmark) equally as expres-
sions for the first interstadial of the Lateglacial. The con-
tents of both terms correspond to the main features of the 
Hippophaë-Betula nana-PAZ defined by Usinger (1985). 
Bølling: … er dog stadig dækket af Tundravegetation 
(Græsser, Halvgræsser, Artemisia, Pil og Dværgbirk). Fyr 
mangler. (Iversen 1942)—it is assumed that Hippophaë 
pollen was not consistently recognised by Iversen; Meien-
dorf:… unter dem Bølling-Interstadial [in this case equal to 
Allerød-a sensu Usinger 1981b] existiert ein schwach (durch 
Zwergbirke und Sanddorn) gekennzeichnetes „Meiendorf-
Interstadial“(Menke in Bock et al. 1985).

The utilization of two terms makes sense, as the climatic 
amelioration of the interstadial is reflected differently in the 
prevailing vegetation due to the delayed succession in the 
areas resulting from geographical and edaphic conditions 
as well as distance to plant refugia.

It is argued that the Weichselian Lateglacial can climati-
cally be divided into three independent interstadials (GI-
1a, 1c and 1e; Björck et al. 1998). This division also cor-
responds palynostratigraphically to the Meerfelder Maar 
sequence (Litt and Stebich 1999) where the second intersta-
dial period (GI-1c) is equated with the term Bølling.

Bennike et al. (2004) published 14C-data of macrofos-
sils from a sediment sequence that also originates from the 
immediate vicinity of Iversen’s original drilling site. These 
data thus can be correlated with the material presented 

here with regard to the depth. There are three radiocarbon 
dates for macrofossils from 330 to 332 cm (AAR-7442: 
12,470 ± 90 y BP), 260–262 cm (AAR-7443: 12,590 ± 80 
y BP) and 366–368 cm (AAR-7444: 12,510 ± 100 y BP) 
below the surface. With respect to the depth of the pre-
sented sequence all of them are biostratigraphically part of 
BOE-2 and chronologically well within the given range of 
the first Interstadial—GI-1e (Björck et al. 1998)—and thus 
not within GI-1c. However, biostratigraphy is by its nature 
a sequence of sediment with a defined biological content, 
regardless of absolute dating. Clearly, it is essential to con-
textualize palaeoenvironmental records chronologically, but 
we should refrain from mixing chronozones and biozones in 
future research.

Conclusions and outlook

This study presents data originally compiled by Usinger to 
solve existing ambiguities in Lateglacial terminology espe-
cially concerning the terms Bølling and Meiendorf in order 
to discuss it against the background of the previous work by 
Iversen. A Lateglacial pollen sequence from the locus clas-
sicus Lake Bølling (Denmark) is presented spanning all Lat-
eglacial and early Holocene biozones—with the exception 
of a hiatus. The study includes a separation of Betula pollen 
types that has been conducted in two different ways—by 
fixed threshold and by approximation approach. The results 
of the separation suggest that it is imperative to use only 
high resolution datasets when applying the approximation 
approach in order to obtain a reliable outcome. Nevertheless, 
the method is highly time-consuming and therefore its use 
is recommended exclusively in the case of research ques-
tions referring specifically to Betula. We show that there is 
tendentially little distinction whichever method of separation 
is applied.

The palynological results are discussed against the origi-
nal dataset published by Iversen (1942, 1947, 1954). The 
geographical proximity of Iversen’s original coring site and 
the high resolution of the presented analysis permits the pos-
sibility of re-evaluating the origin of the Bølling-Oscillation 
sensu Iversen. This study confirms Iversen’s interpretation 
of zone 1b as an independent climatic oscillation before 
the Allerød with one constraint. This is that the Bølling-
Oscillation sensu Iversen does not reflect the migration of 
local tree birches, as had been previously assumed (Usinger 
1985, 1998). However, a statistical comparison with well 
dated Lateglacial pollen sequences should be performed the 
in future.

Furthermore, we recommend utilizing the terms Meien-
dorf (regionally for northern Germany) and Bølling (for 
Denmark) equally as biostratigraphical expressions for the 
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first interstadial of the Lateglacial, as is an already common 
habit in Lateglacial palynology. To prevent further confusion 
the term Bølling should be abolished as a designation for the 
early Allerød period in German pollen diagrams.
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